Three zones of carboxypeptidase inhibitory activity were observed when heat-stable extracts of potato tubers (cv. Russet Burbank) were chromatographed on carboxymethyl celulose. The isoinhibitors found in these zones were denoted I, II, and III based upon their order of elution from this column. The predominant form (II) had previously been suggested to be a mixture of two polypeptides (IIa and IIb) 
Potato tubers contain a variety of proteinase inhibitors, most of which exist as isoinhibitors. Inhibitor I (mol wt = 40,000) is effective against chymotrypsin and is a tetramer comprised of at least five distinct subunit types (21) . Inhibitor II (mol wt = 20,500) is a dimer. Iwasaki et al. (18) separated the subunits of inhibitor II into two classes, Ila and IIb, which preferentially inhibit trypsin and chymotrypsin, respectively. Ryan and co-workers (5), however, have shown that there are many more types of subunits of inhibitor II than the two described by Iwasaki. Potatoes also contain low mol wt (about 5,500) inhibitors of trypsin and chymotrypsin, which recent data suggest are homologous (15). Pota- toes are unique in the plant kingdom in that they contain a polypeptide inhibitor of the pancreatic carboxypeptidases (24, 25) . This report describes the separation of the predominant form of the CPI' into two closely related isoinhibitors and the purification of two additional isoinhibitor forms. ' This work was supported in part by National Institutes of Health Grant GM 22748 
MATERIALS AND METHODS
Materials. Bovine CPB was prepared from trypsin-activated acetone powder extract (1) and the polypeptide chymotrypsin inhibitor was prepared from Russet Burbank potato tubers as described earlier (15) . Bovine CPA, horse heart Cyt c, lima bean trypsin inhibitor, hippuryl-L-arginine, and hippuryl-L-phenylalanine were purchased from Sigma. Sephadex G-25 SF, G-50 SF, and G-75 were obtained from Pharmacia, and CM32 and DE52 were from Whatman. Pyridine was distilled from ninhydrin prior to its use in chromatographic systems (16) and all other chemicals were used without further purification.
Purification of Isoinhibitors. The polypeptide fraction was obtained by chromatography of crude inhibitor I, the heat-stable fraction of extracts of Russet Burbank potatoes on Sephadex G-75 as described previously (21). After lyophilization, polypeptide material derived from about 14 kg of potatoes was dissolved in 5 mM sodium citrate (pH 4.3) and chromatographed on a column (2.5 x 40 cm) of CM-cellulose. Following elution of the breakthrough peak, the column was developed with a linear gradient (0-0.5 M) of NaCl in equilibration buffer. The flow rate was 150 ml/h. Fractions of 12 ml were collected and monitored for A at 280 nm and inhibitory activity against CPA (see below). Three zones of inhibitory activity were observed and the appropriate fractions were pooled, lyophilized, desalted by chromatography on a column (2.5 x 80 cm) of Sephadex G-25 SF, and relyophilized.
CPI-I, which eluted in the breakthrough of the CM-cellulose column, was purified to apparent homogeneity by chromatography on a column (1.5 x 30 cm) of DEAE-cellulose. A 400-ml linear gradient (0-0.2 M) of NaCl in equilibration buffer (10 mm Tris-HCl [pH 7.5]) was employed to develop the column.
CPI-II, the form of the CPI which had been characterized previously (25), was separated into two closely related species (14) by equilibrium chromatography on a column (2.5 x 40 cm) of CM-cellulose using 10 mm sodium citrate (pH 4.0) as eluant. Fractions of 10 ml were collected and pooled based on A at 280 nm. Partially purified CPI-IIa and CPI-IIb were then rechromatographed in this system. CPI-III, noted previously (14), was nearly pure after desalting on Sephadex G-25 as described above.
Electrophoretic Procedures. Polyacrylamide gel electrophoresis was performed as described by Panyim and Chalfley (23). Gels (15% acrylamide/0.1% bisacrylamide containing 6 M urea) were used at pH 3.2. Samples were applied in 40%o sucrose and run at 3 mamp/gel. The gels were stained for 2 h in 1% Amido black in 7.5% acetic acid and then destained by diffusion using this solvent.
Isoelectric focusing was done in 7.5% polyacrylamide gels con-taming 2% (v/v) Structural Analysis of Isoinhibitor CPI-I. Evidence to support the proposed structures of CPI-I, CPI-IIa, and CPI-IIb was obtained on the reduced and carboxymethylated derivatives (see above) primarily using procedures described earlier (14).
S-Cm-CPI-I (about 3 ,Amol) was dissolved in 2 ml of 0.2 M ammonium bicarbonate and treated with trypsin (2% by weight)
for 2 h at 37 C. An additional aliquot of trypsin was added and digestion allowed to proceed for an additional 2 h. After gel filtration on a column (1.5 x 80 cm) of Sephadex G-25 SF to remove trypsin, the fractions containing peptide material were pooled, lyophilized, and the tryptic peptides were digested with chymotrypsin as described for the tryptic digest. The digest was then acidified and lyophilized. The tryptic/chymotryptic peptides were dissolved in 0.2 M pyridine-acetic acid (pH 3.1) and chromatographed on a column (0.9 x 15 cm) of Dowex 50-X2 at 55 C using a double gradient of 100 ml each 0.2 M pyridine-acetic acid (pH 3.1) and 0.5 M pyridineacetic acid (pH 3.75) followed by 100 ml each of 0.5 M pyridineacetic acid (pH 3.75) and 2.0 M pyridine-acetic acid (pH 5.0) (4).
The flow rate was 45 ml/h and fractions of approxiimately 3 ml were collected. Peptide elution was monitored by fluorescence after reaction of 2Ojd aliquots of alternate fractions with fluorescamine (28). Fractions were pooled and evaporated prior to subsequent analysis. An aliquot (1%) of each pool was subjected to high voltage paper electrophoresis at pH 3.6 for 1.25 h at 2 kv (3). Peptides were detected by reaction with fluorescamine (8) while those containing tryptophan were identified by staining with pdimethylaminobenzaldehyde (26) .
Peptide fraction TC-l contained two peptides, TC-1-A and TC-1-B, which were separated by chromatography at 37 C on a column (0.9 x 15 cm) of Dowex 1-X2 using a gradient of 200 ml each of 3% pyridine and 2.0 mm pyridine-acetic acid (pH 5.0). The flow rate was 45 ml/h and fractions of 2 ml were collected.
The amino acid sequence of TC-1-B was determined by subtractive Edman degradation according to the procedure of Konigsberg and Hill (19) .
Peptide fraction TC-2 also contained two peptides (TC-2-A and TC-2-B) as revealed by paper electrophoresis. They were separated by chromatography on a column (1.5 x 80 cm) of Sephadex G-25 SF in 5% formic acid. Fractions of approximately 1.5 ml were collected, and peptide elution was monitored by fluorescence as described above.
Structural Analysis of CPI-IIa and CPI-Ilb. The S-Cm derivatives (see above) of CPI-IIa and CPI-IIb were treated with 70%o formic acid at 40 C for 3 days to effect specific cleavage of the Asp-Pro bond (10). The resulting peptides were separated by chromatography on Sephadex G-25 SF as described earlier (14).
RESULTS
Purification. Chromatography of the heat-stable, low mol wt polypeptide fraction derived from Russet Burbank potato tubers on a column of CM-cellulose resolved three zones of CPI activity (Fig. 1) . The isoinhibitors were designated CPI-I, CPI-II, and CPI-III based upon their order of elution from this column. In addition to the CPIs and a few uncharacterized polypeptides, the presence of a chymotrypsin inhibitor (15), was also noted (fractions 144-158).
CPI-I was purified to apparent homogeneity by gel filtration on Sephadex G-25 following ion exchange chromatography on DEAE-cellulose (Fig. 2) . After this procedure CPI-I yielded a single band upon polyacrylamide gel electrophoresis at pH 3.2 (Fig. 1 ).
CPI-II (Fig. 1) appeared to be pure after the initial CM-cellulose chromatography step. This isoinhibitor had been studied extensively and was believed to be a mixture of two closely related species which differ only in that one contained an additional residue of glutamine (14) . Since the availability of strictly homogeneous preparations ofeach ofthese forms would be ofadvantage in crystallization and in certain physical studies, their separation was explored. Chromatography of CPI-II on CM-cellulose at pH 4.0 effected nearly complete resolution of CPI-IIa and CPI-IIb (Fig. 3) and rechromatography of each pool at pH 4.0 yielded isoinhibitors which were homogeneous as judged by peptide analysis (see below).
CPI-III, which unlike CPI-I had been observed previously (14), was purified to apparent homogeneity (Fig. 1) by gel filtration on Sephadex G-25 (Fig. 4) . by the dansyl chloride procedure (11). Thus, this isoinhibitor, like CPI-II, probably had pyrrolidone carboxylic acid in the aminoterminal position. In contrast, CPI-III appeared to have an aminoterminal histidine (Table 1) .
The amino acid composition of CPI-II was determined previously (25) and is included in Table II for comparison. Both CPI-I and CPI-III yielded lower values for tryptophan than expected; however, CPI-II, which gave similarly low values, was subsequently shown by sequence analysis to contain two residues of tryptophan per molecule. From these data CPI-I lacked a serine and an arginine residue and possessed an additional glycine and alanine relative to CPI-II; whereas, CPI-III lacked an average of 1.5 residues of glutamic acid.
The apparent K5 values for the inhibition of bovine CPA and CPB (Table I) were estimated by the method of Green and Work (12). The differences in values observed among the three isoinhibitors were insignificant, suggesting that the structural differences described below occur at sites remote from the region of inhibitor in contact with enzyme.
Sequence Analysis (CPI-I). The amino acid sequence of CPI-I (Fig. 5) was deduced from analysis of peptides derived from Cm-CPI-I by a combined tryptic/chymotryptic digest. The initial CPI-III on Sephadex G-25. The column (2.5 x 80 cm) was equilibrated with 20 mM ammonium peptide separation was achieved on a column of Dowex 50-X2 (Fig. 6 ). Significant amounts of peptide were found only in the three pools indicated (Table III) .
Pool I contained two peptides which were resolved by chromatography on Dowex I-X2 (Fig. 7) . Peptide TC-1-A corresponded to residues 38 to 39 whereas TC-1-B contained both amino acid replacements relative to CPI-II and corresponded to residues 29 to 37. Identification of these replacements as Ser-30 -* Ala and Arg-32 Gly was made by subtractive Edman degradation (Table IV) . Both of these replacements could have resulted from single base changes.
Pool II contained two peptides which were readily separated by chromatography on Sephadex G-25 (Fig. 8) . Pool TC-2-A corresponded in amino acid composition to residues 1 to 13. The 1.5 identified by amino acid composition to correspond to residues 14 to 22 (Table III) .
Sequence Analysis of CPI-IIa and CPI-IIb. The amino acid compositions of CPI-IIa and lIb were identical to that of unfractionated CPI-II except that they contained 2.9 and 2.1 residues of glutamic acid per molecule, respectively, as compared with a value of 2.5 for CPI-II. These data suggested that CPI-IIa was the 39-residue species beginning <Glu-Gln-His-whereas CPI-IIb was the 38 residue species beginning <Glu-His-.
Further evidence in support of this identification was provided by analysis of the peptide fragments generated by cleavage of the S-Cm derivatives at the aspartyl-proline bond. The peptide from the amino-terminal region of CPI-IIa was (Asp 1.0, Glu 2.0, Ala 1.1, His 1.0) and that from the same region of CPI-IIb was (Asp 1.0, Glu 1.1, Ala 1.0, His 0.9).
DISCUSSION
Although the occurrence of polypeptide inhibitors of enzymes of the serine proteinase family is widespread, inhibitors of the pancreatic carboxypeptidases have been isolated only from pota- inhibitors as well as in revealing relationships with proteinase inhibitors in other plants.
The three principal classes of isoinhibitor (CPI-I, CPI-II, and CPI-IIl) were separated by chromatography on CM-ellulose (Fig.  1) . CPI-I and CPI-III were subsequently purified to apparent homogeneity as assessed by gel electrophoresis and the two isoinhibitor forms which constitute CPI-II were resolved by equilibrium ion exchange chromatography (Fig. 2) . CPI-I was shown to be identical to CPI-II in structure except for the replacements Ser-30 -. Ala and Arg-32 -. Gly. Moreover, the nonintegral (2.5 residues/molecule) value for glutamic acid suggested that CPI-I, Step 2 Step 3 Step 4 Cm-Cys 0.9 1.0 1.0 like CPI-II, was an approximately equimolar mixture of the peptides indicated in Figure 5 . CPI-III appeared to be identical in structure to CPI-II except that it began with histidine ( Fig. 5) . In inhibition studies there was no significant difference in the strength of binding of these isoinhibitors to carboxypeptides A and B (Table I) . With respect to the long range objectives of this study, the following comments can be made. The similarity in binding strengths between CPI-I and CPI-II suggested that neither Ser-30 nor Arg-32 contributes to the stability of the enzyme-inhibitor complex. Arg-32 had previously been discounted as being in the contact zone since the inhibitor derivative in which this arginine is specifically modified by phenylglyoxal treatment binds target enzymes as tightly as does the unmodified inhibitor (13). Similarly, lack ofthe amino-terminal pyrrolidone carboxylate and glutamine (CPI-III) had no effect on enzyme binding, an observation consistent with previous data obtained on a derivative missing the first five residues (13).
Regarding the prospects for crystallographic analysis of the inhibitor, crystals have not as yet been obtained of any of the isoinhibitor forms. However, some differences in precipitation 
